The effect of avidin-biotin interactions in several detection systems for the non-radioactive in situ hybridization (ISH)
Introduction
In situ hybridization (ISH) with non-radioactively labeled DNA probes is a sensitive method to detect target DNA sequences up to the level of single copy genes of 1-6 kilobases (1, 11, 18, 20, 24) . To obtain this high detection sensitivity, a cytochemical amplification method (AvFITC/BioGAA amplification method), as first described by Pinkel et al. (21) , is frequently used for fluorescence ISH studies (8, 10, 19, 23) . The method includes the detection of biotinylated DNA with successive cytochemical layers of AvFITC and BioGAA antibodies, as illustrated in Figure 1 .
Recently, several laboratories have made efforts to enhance the ISH detection sensitivity by using DNA molecules for signal amplification (5, 14, 17) . In a radioactive approach, Haase and co-workers (14) combined the polymerase chain reaction (PCR) with ISH for the detection of lentiviral DNA inside cells. Despite a high detection sensitivity, only discrimination between virus-containing and virus-negative cells was possible, while information on the exact site of virus integration could not be obtained. This is due to d f ision of the newly synthesized DNA strands away from the site of their primary synthesis, and thus away from the target to be detected.
In another approach Landegent (17) tried to anchor singlestranded DNA molecules ("catenation clones") via hybridization to a primary hybridized probe, to enhance specific ISH signals. These efforts were unsuccessful, probably because of penetration problems of the DNA molecules used and limitations in the stability of the hybrids in such networks.
Still another procedure to enhance the ISH detection sensitivity was described by Bresser and Evinger-Hodges ( 5 ) , who claimed a detection sensitivity of one to ten mRNA molecules per cell. These authors have used AvFITClSAvFITC (FIX-conjugated streptavidin) mixtures, which were added to the slides after hybridization but before the washing steps, to allow the formation of a complex of AvFITC/SAvFITC with the intracellularly bound biotinylated probe as well as with the unbound probe. However, this procedure appeared not to be reproducible as stated by Bakkus et al. (3) . We were also unsuccessful in increasing the ISH detection sensitivity with this method (unpublished results). Therefore, as an alternative approach we chose to form cytochemical networks consisting of alternating layers of AvFITC and biotinylated DNA molecules (SO-SO0 bases) on a primary hybridized and biotinylated DNA probe. Since also with this procedure no enhancement of specific ISH signals could be achieved (Hopman, unpublished results), we studied the factors involved in the formation of cytochemical networks used in such procedures. Special attention was given to the role of avidin-biotin interactions, which form an essential part of the AvFITUBioGAA amplification method and of the ABC method.
Materials and Methods
Tumor Cell Processing. In all experiments the human transitional cell carcinoma line T24 was used (7) . Cells were trypsinized, harvested, fixed in 70% ethanol (-20°C) . and stored at -30°C as described by Hopman et al. (15) . Of the cell suspension obtained in this way, 5 wl (3.106 cells/ml) were dropped on poly-L-lysine-coated slides. The slides were airdried and heated for 1 hr at 80'C on a heating plate. Pepsin from porcine stomach mucosa (2500-3500 units per mg protein: Sigma, St Louis, MO) was applied at a concentration of 100 pgiml in 0.01 M HCI for 20 min at 37°C. After five washes in demineralized water and 5 subsequent washes in PBS, followed by fixation in 10/0 paraformaldehyde in PBS for 20 min at O' C. five washes in PBS, and five washes in demineralized water, the slides were equilibrated in 60% formamide, 2 x SSC, pH 5.0 (0.3 M NaCl and 30 mM Na-citrate), containing 0.05% Tween 20 (Merck: Darmstadt, FRG) for 5 min at room temperature and washed in 2 x SSC, pH 7.0, for 5 min at room temperature.
DNA Probes and Labeling. In all experiments we used a DNA probe for chromosome 1 (pUC 1.77) as described by Cooke and Hindley (9) , which recognizes a tandem repeat of 1.77 KB in the (peri)centromeric region (1q12). Biotinylation of this probe was performed using Bio-11-dUTP (Enzo Diagnostics; New York, hJY) in a nick translation reaction as described by Brigati et al. (6) .
In Situ Hybridization. The DNA probe was hybridized under high stringency conditions to its target DNA in pretreated T24 cells in 60% formamide, 2 x SSC of pH 5.0, 1 pg/ml herring sperm DNA as carrier DNA, and 1 pg/ml yeast tRNA as carrier RNA, at a probe concentration of 40 pg/pl hybridization mixture. Of the hybridization mixture, 10 p1 were added to the slides and covered with a coverslip (20 x 20 mm). Denaturation was performed at 70°C on a heating plate for 3 min. Hybridization was perforqed overnight at 37°C. Post-hybridization washes were done twice in 60% formamide. 2 x SSC of pH 5.0 containing 0.05% Tween 20 for 10 min at 42'C, twice in 2 x SSC ofpH 7.0 for 10 min at 4 2 T , and once in 4 x SSC of pH 7.0 containing 0.05% Tween 20 for 5 min at room temperature.
Cytochemical Deterdon. To reduce background staining the slides were pre-incubated with 4 x SSC, pH 7.0, containing 5% non-fat dry milk for 10 min at room temperature, followed by dipping in 4 x SSC, pH 7.0, containing 0.05% Tween 20 (Buffer A). Detection of the biotinylated DNA probe hybridized to its target on chromosome 1 was performed using different subsequent incubation steps as shown in Tables 1-3 (see Results) . The following cytochemical reagents and conjugates were used:
1. The ABC system was used according to the manufacturer's instructions (ABC elite kit, Vector; Brunschwig Chemie, The Netherlands). 2. Avidin, biotinylated horseradish peroxidase (BioPO) (both from the ABC elite kit), and biotinylated goat anti-rabbit IgG (BioGAR) were diluted 1:50 (all from Vector). 3. AvFITC, TRITC-conjugated avidin (AvTRITC). BioGAA, and biotinylated horse anti-mouse IgG (BioHAM, from the ABC elite kit) were diluted 1:100 (all from Vector).
4.
Biotin was used at a concentration of 32 pgiml Buffer A (Boehringer;
Mannheim, FRG). 5. Horseradish peroxidase-conjugated swix anti-rabbit IgG (SWARPO) was diluted 1:40 (Dakopatts; Glostrup, Denmark). 6. Horseradish peroxidase-conjugated avidin (AvPO) was diluted 1:80 (from Dakopatts). 7 . Mouse anti-biotin (MABio), FIT-conjugated rabbit anti-mouse IgG (RAMFITC) and horseradish peroxidase-conjugated rabbit anti-mouse IgG (RAMPO) were diluted 1:lOO (all from Dakopatts).
AvFITC and AvTRITC were diluted in Buffer A, AvPO and BioPO were diluted in PBS containing 0.05% Tween 20 (Buffer B), and all the antibodies were diluted in Buffer B containing 2% normal rabbit serum. Each incubation step of 30 min at 37°C was followed by washing the slides twice for 5 min at room remperarure in Buffer A or Buffer B (depending on the dilution buffer).
For the fluorescence approach, the slides were dehydrated and mounted in PBSiglycerol (1:9, viv) containing 2.3% 1,4-di-azobicyclo-(2,2.2,)-octane (Sigma) (4) . Microphotographs were taken with a Leitz Dialux 20 EB microscope, equipped with appropriate filters for FITC, TRITC, and DAPI fluorescence using Kodak Tmax 400 ASA black-and-whire film (TMY 135-36). Exposure times were approximately 15 sec for FITC, and TRITC fluorescence, and 1 sec for DAPI fluorescence. Development conditions were identical for all microphotographs.
Peroxidase staining was performed as described by Graham and Karnovsky (12), using 0.1 M imidazole (Merck) in the reaction mixture. After each reaction of 6 min the cells were rinsed in PBS and counterstained with hematoxylin. For all microphotographs the same exposure times (35 sec) and development conditions were observed, using the same microscope, a 540-nm green filter, and Agfapan 25 ASA black-and-white film.
Quantitation of ISH Signals. Quantitation of fluorescent FITC signals was performed using a Biorad MRC 600 confocal laser scanning microscope equipped with an appropriate filter for FITC fluorescence (2.22) . From each preparation, three or four areas were randomly selected and 25 ISH spots were measured. The fluorescence intensities of the ISH signals were corrected for aspecific background reactions by also measuring the fluorescence intensity next to the specific ISH signal areas in the interphase nuclei (background <5% of the fluorescence intensities of the specific ISH sig- 
Results
When T24 tumor cells are hybridized with the biotinylated chromosome 1-specific DNA probe pUC 1.77, this sequence can he detected simply by using one incubation step of AvFITC (Reaction 1, Table 1 ). This results in three fluorescent signals (spots) as shown in Figure 2a .
AvFI TC/Bio GA A A mphpcatio n System
The ISH signals can be intensified by introducing BioGAA antibodies and AvFITC in a second and third incubation step, respectively ( Figure 2b ; Reaction 2, Table 1 ). This is in principle the amplification method as first described by Pinkel et al. (21) (see Figure  1) . which results in an increase of fluorescence intensity with a factor of 7-8 as compared with the one-step incubation procedure with AvFITC. The nature of the interaction of BioGAA with the first detection layer of AvFITC was studied in two reactions (Reactions 3 and 4, Table 1 ). First, biotin was introduced in the second incubation step, before introduction of BioGAA and AvFITC, to block any free biotin binding sites of AvFITC (Reaction 3, Table 1 ; see also Figure 1 ). This blocking step did not lead to a significant change in FITC fluorescence intensity. Second, MABio antibodies were introduced as the third incubation step. before introduction of Av-FITC, to block any free biotin moieties of the BioGAA antibodies (Reaction 4, Table 1 ; see also Figure 1 ). This interaction resulted in a significant decrease of the fluorescence intensity as compared with Reaction 2 (see Figure 2c) . However, the fluorescence intensity was still increased with a factor of 3-4 as compared with Reaction 1.
Incorporation of the MABio antibodies into the complex was demonstrated by using RAMFITC antibodies (Reaction 1, Table 2 ), in which the ISH signal intensity was interpreted in a semiquantitative way. In a control reaction we showed that the FITC fluorescence was not the result of the direct binding of MABio antibodies to the biotinylated DNA probe (Reaction 2, table 2 ) . We further studied the limitations of the avidin molecules in the first detection layer to couple other biotinylated antibodies, using two different fluorescently labeled molecules (Reactions 3 and 4, Table  2 ). As shown in these reactions. no direct interaction of the biotinylated antibodies with AvTRITC could be detected with RAMFITC in a final step (Figures 2d-2f) .
These experiments suggest that the cytochemical complex, as built up following Reaction 2 in Table 1 , is independent of Table 1 , Reaction 1). (b) Amplification of the fluorescent signal intensity as seen in a by introducing BioGAA into the second incubation step and AvFlTC into the third incubation step (see Table 1 (see also Abbreviations used: ABC. avidin-biotinylated honendish peroxidase complex; AV, avidin; AvPO. honeradish peroxidase-conjugated avidin; BioPO. biotinylated honeradish peroxidase; RAMPO. horseradish peroxidase-conjugated rabbit anti-mouse IgG; SWARPO. horseradish peroxidase-conjugated swine anti-rabbit IgG (see also Tables   1 and 2 ).
When BioPO with a long Clo spacer was used (from Boehringer Mannheim). a slightly stronger peroxidue staining intensity was found in Reactions 1 and 3. 
Comparison of Diy$rent ISH Detection Procedures
Thus far we have found that there exist limitations in the coupling of biotinylated molecules to avidin molecules in the first detection layer. Therefore, we expect that this phenomenon also has consequences for other ISH detection systems in which avidin-biotin interactions play an important role, e.g., the sensitive ABC method (6, 16) . For this reason we performed ISH reactions in which the biotinylated probe was detected with different cytochemical staining systems using (a) AvPO, (b) avidin, (c) BioPO, or (d) a complex of avidin and BioPO (ABC). The results of these reactions are summarized in Table 3 . In Figure 3 the results from the reactions summarized in Table 3 are depicted and arranged according to increasing peroxidase staining intensity. Reactions 1-4 in Table 3 demonstrate that the use of AvPO was superior as compared with the detection system using avidin and a subsequent step of BioPO. This was found for the direct detection of the probe (Reactions 1 and 2, Table 3 ) as well as for the indirect detection after introduction of BioGAA (Reactions 3 and 4, Table 3 ). Furthermore, the AvPO/BioGAA amplification system using two AvPO incubation steps (Reaction 5 , Table 3 ) resulted in a stronger staining intensity as compared with Reaction 4 in Table 3 . The ABC detection system is based on the application of a complex between avidin and BioPO, which is formed before its cytochemical introduction. Reactions 6-9 in Table 3 show that direct coupling of an ABC complex to the biotinylated DNA probe resulted in a weak peroxidase staining intensity (Reaction 6, Table  3 ), whereas application of the three-step procedures with a biotinylated antibody as the second reagent resulted in strong peroxidase staining with only minor differences in intensity (Reactions 7-9, Table 3 ). Reaction 9 is the most commonly used ABC reaction for cytochemistry.
The sensitivity of all procedures used was compared with the sensitivity of an indirect ISH detection system using MABio antibodies and horseradish peroxidase-conjugated second and third antibodies (Reactions 10 and 11, Table 3 ). In our hands the sensitive ISH detection methods stated in Reactions 5 , 9, and 11 differed only slightly in peroxidase staining intensity.
Discussion
Our experiments show that the AvFITC/BioGAA amplification procedure is a sensitive non-radioactive ISH detection system. The fluorescence signal intensity after the detection of a biotinylated DNA probe with AvFITC can be increased seven-or eightfold by subsequent incubation steps with BioGAA and AvFITC. This finding is in agreement with the results of Pinkel et al. (21) , who found a sixfold intensity increase as a result of this amplification reaction.
We have meticulously studied the individual steps in the AvFITCIBioGAA amplification procedure to obtain more insight into the molecular basis of cytochemical network formation in which avidin-biotin interactions play an important role. Our experiments demonstrate that the interaction of the biotin groups of BioGAA with AvFITC in the first detection layer is not essential for the cytochemical network formation, since addition of biotin did not block the introduction of BioGAA. This result suggests that only cytochemical interactions are responsible for network formation, as illustrated in the righthand part of Figure 1 , and that interactions as illustrated in the lefthand part of Figure 1 are unlikely. The finding that other biotinylated antibodies, such as BioGAR and BioHAM, were also unable to bind to avidin molecules in the first detection layer with their biotin groups further supports this assumption.
Therefore, ifBioGAA antibodies can only bind with their antigen binding sites to avidin molecules in the first detection layer, the amplification reaction must be the result of the subsequent binding of conjugated avidin molecules to still available free antigen binding sites and/or antibody-linked biotin groups (see arrows 2 and 3, respectively, in Figure 1 ). This was investigated by the addition of MABio antibodies to block the biotin groups of BioGAA antibodies. As a result, a reduced fluorescence signal intensity was seen in comparison with the amplification reaction, which was still three-or fourfold higher as compared with the intensity seen in the one-step AvFITC detection. Since one avidin molecule consists of four identical subunits (13), the measured fluorescence intensity could be the result of the interaction of maximally four Bio-GAA antibodies with one first-layer AvFITC molecule. Then one AVFITC molecule per antibody molecule is bound to the other still free antigen binding site (as illustrated in Figure 1 , arrow 2). It is also plausible that avidin molecules, which have a much higher affinity for biotin as compared with MABio antibodies, can compete with some bound MABio antibodies, resulting in a more intense fluorescent signal. Nevertheless, the MABio antibodies were coupled to the biotin groups of BioGAA antibodies. This finding suggests that binding of conjugated avidin as illustrated by arrow 3 (Figure 1 ) is also an important interaction in the studied amplification method.
In summary, the mechanism of the studied amplification procedure thus includes the binding of BioGAA antibodies to firstlayer conjugated avidin by means of their antigen binding sites, followed by coupling of conjugated second avidin molecules, as illustrated by arrows 2 and 3 in Figure 1 .
Despite this renewed insight into the molecular basis of the AvFITClBioGAA amplification procedure, the question remains of why it is impossible to couple biotinylated antibodies to avidin molecules in the first detection layer by means of their biotin moieties. Since BioGAA antibodies can bind to these avidin molecules by means of their antigen binding sites, penetration of antibodies to the "ISH detection site" seems not to be the problem. It seems likely that almost no free biotin binding sites remain available after the interaction of avidin molecules with biotinylated probe molecules.
To explain the experimental data, we propose that a "closed network' is formed by avidin in combination with the biotinylated, primary hybridized DNA probe, as illustrated in Figure 4 . As a result, most of the biotin binding sites of avidin in the first detection layer are blocked, while others may be sterically hindered and difficult for biotinylated macromolecules to reach. In our view this "closed network" is formed, since biotinylated non-target-specific plasmid sequences of the probe also hybridize with each other and thus contribute to the ultimately formed complex.
These new insights are supported by the fact that detection of the biotinylated chromosome 1-specific probe by peroxidase staining is much less efficient using two subsequent incubation steps of avidin and BioPO as compared with the use of one incubation step using AvPO only. A similar quantitative difference in detection efficiency also exists between the use of alkaline phosphataseconjugated avidin alone as compared with the application of avidin followed by a second step of biotinylated alkaline phosphatase (BioAP with a long Clo spacer; Boehringer Mannheim) which was negative in a Fast Red staining procedure (data not shown). The use of avidin molecules in the third incubation step also results in a situation where only a limited number of free biotin binding sites are available for interaction with biotinylated molecules such as BioPO in a following incubation step. Again, the better result proceeds from direct coupling of, e.g., AvPO or the ABC complex to the biotinylated secondary antibodies. Thus, in cytochemical networks with avidin-biotin interacting layers used for the amplification of DNA hybrid detection, avidin molecules cannot be efficiently used to interconnect two biotinylated layers because the introduction of avidin molecules leads to firmly closed networks, as illustrated in Figure 4 . Despite this phenomenon, the AvFITClBioGAA amplification method still proves to be an efficient ISH detection method as a result of the immunoreactivity of the BioGAA antibodies. These antibodies contribute to the extreme stability of the formed network, since it was impossible to dissociate the coupled antibodies from the network with 0.1 M glycine-HC1 of pH 2.8 or 1.5 M NaSCN (unpublished data). The three-step ABC detection systems appeared to be sensitive methods in which it was essential to introduce avidin and BioPO as an ABC complex onto the biotinylated secondary antibodies. The application of avidin and BioPO in two subsequent incubation steps or the direct coupling of the ABC complexes to the hybridized and biotinylated DNA probe results in much weaker ISH signals. The latter finding suggests that penetration problems play an important role in the use of ABC complexes. Most probably, both IOW molecular weight complexes and avidin molecules, which are byproducts of the ABC complex formation reaction, are responsible for the weak ISH signal in Reaction 6 of Table 3 .
Comparison of the three most frequently used sensitive ISH detection assays (Reactions 5,9, and 11 of Table 3 ) showed no significant differences in peroxidase staining intensity. Although we have studied the detection of a highly repetitive DNA sequence on chromosome 1 using different detection systems, it was obvious that the order of introduction of conjugated avidin molecules, biotinylated molecules, and complexes of both in a detection system, as well as penetration problems of the cytochemical reagents used, influenced the formation of cytochemical networks. The unraveling of the molecular basis of routinely used ISH detection procedures will in the future provide us with crucial data that will enable us to choose the proper procedures for increasing the sensitivity, and possibly also the specificity, of cytochemical tests. The results presented in here may be a first step in that direction.
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